To examine the potential importance of the spatial subdivision of hosts for the functioning of parasite populations, we analysed patterns of local genetic structure within natural populations of the seabird ectoparasite, Ixodes uriae, at the scale of the host breeding cliff. The seabird hosts of this parasite nest in dense colonies with a hierarchical spatial organisation (individual nests-breeding cliffs-colony). Using eight microsatellite markers and samples from three breeding cliffs of the Black-legged kittiwake (Rissa tridactyla), we found that tick populations were indeed genetically structured at this spatial scale. However, the nature of this structuring depended on the characteristics of the cliffs considered. Both the host nest and cliff topography seemed to be important factors in the isolation of tick groups, but their relative roles may depend on the size of the local parasite population. We found no evidence of isolation by distance within a cliff suggesting that independent tick dispersal may not be a significant force influencing population structure in highly infested cliffs. However, genetic structure seemed to decrease with tick life stage, nymphal ticks being more strongly structured than adult ticks. These results may be related to the clustering of tick progeny combined with differential mortality and dispersal probabilities of each life stage. Overall, results indicate that the spatial organisation of hosts can indeed have important consequences for the population genetic structure of their parasites and, thus, may modify parasite dynamics and the scale at which local coevolutionary processes occur.
Introduction
Parasites live in a highly subdivided world and, as such, the spatial organisation of hosts is particularly important to take into account when considering the dynamics and evolution of host-parasite interactions. At the scale of the host patch, parasites are subdivided among host individuals and typically show an aggregated distribution, with a few hosts harbouring most parasites (Shaw and Dobson, 1995) . This aggregation may be related to certain characteristics of the parasite itself or to the spatial distribution of susceptible hosts (Wassom et al, 1986; Poulin, 1998) . Subdivision among hosts may result in reduced gene flow between parasite groups, and thus should be reflected in the pattern of genetic structuring of parasite individuals within the host population (Wright, 1943) . This substructure may, in turn, influence the outcome of coevolutionary interactions, such as the evolution of local host/parasite adaptation, host resistance and parasite virulence (Antonovics et al, 1997) . Several studies have examined genetic variation withinand between-host individuals and have found that parasites with complex life cycles and mobile hosts are often characterised by populations with high within-host genetic variation and low between-host differentiation (eg, Dame et al, 1993; Blouin et al, 1999; Jobet et al, 2000 , but see Mulvey et al, 1991) . However, none of these studies explicitly considers the spatial arrangement of host individuals within the population.
Here, we examine local parasite population structure in a spatially subdivided system involving the tick Ixodes uriae and one of its seabird hosts, the Black-legged kittiwake Rissa tridactyla. This tick is a common ectoparasite of colonial-nesting seabirds in the circumpolar areas of both hemispheres (Sonenshine, 1993) and its populations can be subdivided at several spatial scales relative to its host: among breeding colonies, among breeding patches within colonies and among nests within breeding patches McCoy et al, 1999) . I. uriae is considered to impact host reproductive success negatively (eg, Morbey, 1996) and to alter host habitat selection decisions (Danchin et al., 1998; Boulinier et al, 2001 ). In addition, it is the vector of several avian arboviruses and bacteria, including human disease-causing strains of Borrelia burgdorferi s.l. (Olsen et al, 1993) . The local dynamics of this tick can thus play an important role in host population dynamics and in the outcome of the coevolutionary interactions between host, parasite and microparasite.
Using ticks collected in three kittiwake breeding patches, we tested specific predictions related to local parasite genetic structure. Different mechanisms leading to parasite aggregation may result in different patterns of spatial genetic structure. For each host patch, we examined tick genetic structure in relation to the distribution of hosts (ie, location of nests), the topography of the habitat in terms of parasite refuges and the local parasite density and prevalence.
Biological model and specific predictions I. uriae commonly parasitises Black-legged kittiwakes in the northern hemisphere (eg, Eveleigh and Threlfall, 1974) . This tick was considered to be a generalist parasite of seabirds, but recent genetic work has shown that hostassociated races, in particular for the kittiwake, do occur . The life cycle of this parasite generally takes 4 years to complete and consists of three active stages: larva, nymph and adult (Eveleigh and Threlfall, 1974) . In order to pass from one stage to the next, the tick must take a single blood meal on its host. The length of this meal depends on the stage considered, but typically lasts 3-9 days (Eveleigh and Threlfall, 1974) and involves an intimate interaction between the host immune response and the parasite's evasive mechanisms (Wikel, 1996) . Males of I. uriae do not feed in the adult stage and females die immediately after laying a single batch of several hundred eggs. Aside from the short period on the host to feed, the tick lives in the habitat surrounding the host nesting area. Although the importance of habitat in the evolution of ticks has been debated (Klompen et al, 1996) , suitable habitat availability should clearly play a key role in the local population dynamics of this species.
The Black-legged kittiwake is a long-lived seabird that nests on vertical cliffs in dense colonies, typically containing from a few hundred to several thousand breeding pairs. These large colonies are often subdivided into discrete breeding cliffs (ie, patches). The kittiwake is pelagic, spending most of its life at sea and only a few months a year in the colony to breed. During the reproductive period, the movements of breeding birds on land are largely restricted to the area of the nest site. A breeding pair can produce up to three chicks each season and typically shows high philopatry to the nest site between years. This species can also display relatively high natal philopatry depending on local conditions .
The local infestation dynamics of I. uriae in kittiwake colonies has been described at several spatial scales (Danchin, 1992; Danchin et al, 1998; McCoy et al, 1999) . Within a single breeding cliff, parasites are highly aggregated among nests, but not among chicks of the same nest , and nest infestation is spatially autocorrelated (Boulinier, 1995; McCoy et al, 1999) . Tick infestation is also temporally autocorrelated between years at the cliff level (Danchin et al, 1998) , as would be expected for a parasite that spends most of its life in the substrate of the host breeding site. Local infestation levels typically increase for the first 30 years after breeding colony establishment and level off thereafter (Danchin, 1992) .
The aggregated nature of tick infestation within kittiwake breeding cliffs may be the outcome of several different factors. For example, patterns of spatial patchiness may largely be due to a combination of time, limited local dispersal and the availability of off-host shelters. Indeed, these parasites are considered to have a limited capacity for independent dispersal (Falco and Fish, 1991) . As colonial seabirds represent an abundant and predictable resource for nest-inhabiting ectoparasites, there is little need for ticks to move once successfully established. The aggregation of ticks among hosts would be a natural consequence of limited dispersal combined with recent colonisation (Poulin, 1998) . Ticks also tend to aggregate within sheltered areas in the off-host habitat (Sonenshine, 1993) . For ticks parasitising kittiwakes, these refuges consist of cracks in the cliff face. If these different factors play an important role in determining infestation patterns, we expect that the aggregated and autocorrelated nature of tick infestation should be reflected in the local genetic structure of the tick population, that is, we should detect substructuring of ticks at the within-cliff scale and patterns of isolation by distance between host nests.
Observed patterns of tick infestation may also be related to spatial variation in the availability of susceptible hosts. Indeed, a heritable susceptibility to infestation by ticks has been previously shown in kittiwakes (Boulinier et al, 1997) . If host susceptibility is largely responsible for patterns of spatial aggregation in this parasite, we do not necessarily expect ticks to be genetically structured within host patches as they could potentially disperse among all local, susceptible hosts.
For both of these possibilities, spatial genetic structure may differ depending on the age class of parasites within the population (Epperson and Alvarez-Buylla, 1997) . Females of I. uriae lay a single batch of several hundred eggs in the off-host refuge. If dispersal is at least partially limited at the within-cliff scale, this should result in high local structure of larval ticks due to an aggregation of siblings. Depending on dispersal rates, this structure may then decline with each consecutive stage as dispersal probability increases and differential mortality occurs.
To attempt to distinguish among the different explanations for patterns of tick aggregation and to consider more generally the impact of host spatial distribution on parasite population structure, we analysed data for eight microsatellite markers from individual ticks collected in three host breeding cliffs.
Methods Sampling
Ticks of all stages, except adult males, were sampled on kittiwake nestlings in three breeding cliffs, two (CG and CF) on the island of Hornya in northern Norway (70122 0 N, 31110 0 E) and one (LH) at Cape St Mary's, Newfoundland, Canada (46150 0 N, 54112 0 W). For each cliff, a map of relative nest locations was constructed ( Figure 1 ). The ability to sample nests depended on three factors. The first was the ability to access the nest site. For cliff LH, static climbing techniques were employed in order to reach nests, while on Hornya, all nests were accessed by free climbing. The second factor was the presence or absence of chicks in the nest. Adult birds can be quite efficient at grooming off ectoparasites, and ticks infesting these individuals may represent both resident and immigrant ticks. We therefore sampled ticks from chicks, which are confined to the nest site until fledging (B35 days). The third limiting factor was the cliff infestation level and the degree of aggregation of the parasite, both of which are highly variable depending on the colony (Danchin, 1992; McCoy et al, 1999) . The prevalence (% of infested nests) and density of ticks (number of ticks per individual per nest) were similar in cliffs CF and LH (92% and 8.9272.01 in CF; 91% and 8.4072.14 in LH), but were lower in cliff CG (83% and 3.0770.66).
Sampled ticks were stored in 70-90% ethanol. DNA extractions and PCR amplifications for the eight microsatellite loci were carried out as described in McCoy and Tirard (2000) .
Data analysis
Within population diversity and linkage disequilibrium: The number of alleles and gene diversity (Nei, 1987) were calculated for each cliff population using FSTAT v.2.9.1 (Goudet, 1995) . Differences in the number of sampled alleles between cliffs were tested for significance by calculating a global estimate across all populations for each locus (based on Chakraborty's (1990) y) and determining the exact probability of sampling more or less alleles in a population given the number of individuals sampled (program provided by L Excoffier). Differences in gene diversity estimates were compared among cliffs using a Kruskal-Wallis test (SAS Institute, 1990, Cary, NC, USA) . Linkage disequilibrium between loci for each cliff was examined using the exact probability test implemented in GENEPOP v.3.3 (Raymond and Rousset, 1995) .
Hierarchical analyses: The distribution of genetic diversity within cliffs was analysed using Wright's Fstatistics as estimated according to Weir and Cockerham (1984) . In a first analysis, ticks from each nest site were considered as subpopulations within a cliff. Only those nests with at least three ticks were considered for this analysis. Hardy-Weinberg equilibrium within nests was tested using F IS (estimated by f) and within a cliff using F IT (estimated by F). F ST (estimated by y) thus reflected differentiation between ticks of different nests. Estimates were calculated and tested for significance using the program FSTAT v.2.9.1. (Goudet, 1995) . Significance values of f and F were calculated by permuting alleles among individuals either within a nest or within the cliff (5000 resamplings). The significance of y was tested using an exact G-test by permuting genotypes between nests (5000 resamplings) (Goudet et al, 1996) . This analysis was first performed for all ticks and then separately for each tick stage, when possible. Owing to the limited number of ticks available per nest, we consider this to be a conservative test of within-cliff population structure. If tests were highly sensitive to allele frequency estimations, permutation tests should reveal nonsignificant estimators of structure.
In a second analysis, we used the topographical characteristics of each cliff to define groups (ie, clustering of seabird nests or presence of cracks that might act as tick refuges). For cliff LH, two groups were evident from the spatial clustering of nests and the presence of a gap in the cliff face (Figure 1 ). For cliff CG, two groups were naturally formed by the structure of the cliff; the two areas with nests were separated by a smooth part of the cliff with no fissures or nest sites (Figure 1 ). Nest locations of cliff CF were relatively homogeneous throughout the cliff compared to the other two sites and no topographical division of the cliff was evident. Cliff CF was therefore excluded from this analysis. Hierarchical analyses were carried out as described above, except that each group within the cliff was treated as a subpopulation. Again, this analysis was performed for all ticks and, when possible, for each stage separately.
Spatial autocorrelation: The distribution of alleles within each cliff was studied by spatial autocorrelation analysis (eg, Sokal and Oden, 1978; Heywood, 1991) using the program SPAGeDi v1.0c (Hardy and Vekemans, 2002) . Within each cliff, six distance classes were defined such that there were approximately equal numbers of pairwise comparisons in each class. The first distance class included individuals of the same nest (distance ¼ 0). Within each class, the coefficient of kinship (r) was estimated using the method of Loiselle et al (1995) . This index represents the correlation in allelic states between homologous genes and weights allele contributions by the product p la (1Àp la ), where p la is the ath allele frequency at locus l. It allows for the incorporation of multiple alleles and loci and is relatively unbiased in the presence of low-frequency Figure 1 Relative nest locations in three kittiwake cliffs sampled for ticks: (a) cliff LH, Newfoundland, Canada, and cliffs (b) CF and (c) CG on the island of Hornya, Norway. Circles indicate nest sites and black circles indicate those nests where ticks were sampled. On maps (a) and (c), nests enclosed within ellipses show the nest groups used in analyses. These groups were defined based on the clustering of nests and topographical features of the cliff. Note that the size of cliffs should not be directly compared as the distance between nests is relative to the individual cliff.
Local genetic structure of a seabird ectoparasite KD McCoy et al alleles (Loiselle et al, 1995) . For the zero distance class, this estimate represents an inbreeding coefficient at the scale of the cliff ( ¼ F IT ). Kinship statistics for SPAGeDi's intragroup class correspond to an estimate of F ST . To test the signifi-cance of these estimators, they were compared to the distribution of the statistics under the null hypothesis of no spatial structure generated using 10 000 resamplings of the data, permuting alleles among individuals (for the inbreeding coefficient) and individuals among nest groups (for the intragroup class). For the kinship coefficients of the other distance classes (classes 1-5), spatial locations were permuted among nest groups.
The slope of the regression of pairwise kinship coefficients and pairwise logarithm of geographic distance was used to test for isolation by distance (Hardy and Vekemans, 1999) . The significance of this relationship was determined by permuting spatial locations among the nest groups (in all cases at least eight nest locations were involved). To assure that tests of isolation by distance were not sensitive to the distribution of dispersal distances, we performed a second test using the individual-based method of Rousset (2000) as implemented in Genepop v3.3 (Raymond and Rousset, 1995) . As above, this analysis was performed for all tick stages together, and then separately for each stage when possible.
Results
A total of 173 ticks were genotyped for the eight loci, including 96 adults, 38 nymphs and 39 larvae. The number of individuals genotyped of each tick stage differed among cliffs (Table 1) and was related to the ability to sample these stages from the birds (see The total number of individuals genotyped (n) in each population are noted, with the number of adult, nymphal and larval ticks in parentheses. The number of different nest locations (n loc ) sampled is also provided. N a refers to the number of alleles sampled and h to Nei's (1987) (Weir and Cockerham, 1984) for tick populations of three kittiwake breeding cliffs All ticks from the same nest were considered as a subpopulation (n=the number of nests used in each analysis). The P-values of estimators were calculated by permuting alleles/genotypes within/between nests with 5000 resamplings (Goudet, 1995) . Standard errors were calculated by jack-knifing across loci (Goudet, 1995) .
Methods). The numbers of alleles detected were similar for the two cliffs on Hornya (CF, CG), but were slightly reduced for cliff LH (Table 1) . After correction for multiple tests (Rice, 1989) , there was no significant difference among the three cliffs. Estimated gene diversity did not vary significantly among cliffs (w 2 ¼ 1.46, P ¼ 0.48) ( Table 1) and only a single pairwise test of linkage disequilibrium was significant after correction for the number of tests performed within each cliff (cliff LH : T3 and T35, P ¼ 0.0012).
The results of the hierarchical analysis with nests defined as subpopulations are summarised in Table 2 . For all the three cliffs, values of F were significant. However, the causes of the subdivision seemed to be different. In cliff CG, the overall F value was due to differentiation between ticks in different nests (y ¼ 0.11). For cliffs LH and CF, most structure seemed to be due to an excess of homozygotes within nests (f ¼ 0.11 and 0.15, respectively) ( Table 2) . We could not examine differences in substructure for all tick stages within the same cliff owing to low sample sizes. However, for cliff LH, where enough adults and nymphs were genotyped, estimates of substructure were higher for nymphs than for adults (Table 2) .
When the hierarchical analysis was repeated using nest groups, as defined by the spatial arrangement of nests and the topographical features of the cliff (Figure 1 ), significant differentiation was found between groups (y, Table 3 ). For cliff CG, the amount of substructuring explained by the within-group structure increased (f) and the between-group structure was lower (y), compared to the hierarchical analysis based on nests. This suggests that the nest level is the more relevant unit of structure for this cliff. In cliff LH, the pattern was more complicated and depended on the stage considered. For all ticks, the change in the pattern of substructuring was similar to that of cliff CG (Table 3) . However, if we examine the results for each stage separately, we see that adult ticks showed significant between-group differentiation (y, Table 3), whereas there was no between-nest differentiation in the first analysis (y, Table 2 ). Owing to the reduced number of nymphal ticks in group 1 (Table 3) , the nonsignificance of the between-group estimator (y) for nymphs is likely linked to the sample size, and thus should be taken with caution. Overall, however, it seems that topography and the spatial arrangement of nests may be more important in determining population structure in cliff LH than in cliff CG.
There was no evidence for spatial autocorrelation of kinship coefficients in the three cliffs examined. The results at the zero distance class, corresponding to the inbreeding coefficient (F IT ) and the intragroup class (F ST ), mirrored those found in the first hierarchical analysis (Table 2, Figure 2) . Similarly, structuring at this distance class decreased with consecutive tick life stages (Figure 2) . For all the cliffs, the kinship coefficient did not differ significantly from zero at any other distance class (all P-values 40.05) and there was no evidence for isolation by distance within cliffs, whether tick stages were considered separately or together (all P-values 40.05). Tests for isolation-by-distance based on Rousset's (2000) method were also nonsignificant for the three cliffs (all P-values 40.05).
Discussion
Here, we examined the spatial genetic structure of a seabird ectoparasite within host subpopulations, corresponding to different breeding patches. At this scale, ticks are naturally aggregated and their presence is spatially autocorrelated McCoy et al, 1999) . We found that the genetic structure of these ectoparasites partially mirrors this spatial pattern of infestation. Tick populations were genetically substructured in all the three cliffs considered. However, the nature of the substructuring differed among cliffs. In cliffs CF and LH, where tick population densities were high, heterozygote deficits within nests (F IS ) may be Kinship coefficients were calculated following Loiselle et al (1995) and represent the mulilocus estimate for eight microsatellite loci. There were no significant deviations of kinship coefficients from values expected under random distributions for any distance class. At the zero distance class, open symbols represent inbreeding coefficients (***Po0.001) and closed symbols represent the intragroup kinship coefficient (corresponding to an estimate of between-nest differentiation, or F ST ).
Local genetic structure of a seabird ectoparasite KD McCoy et al more related to a mixture of different family groups (Wahlund effect) than to local inbreeding, as there was low differentiation at the between-nest scale. However, in cliff CG, where the density of ticks was lower, ticks showed high between-nest differentiation. These results suggest that tick dispersal may change with population density such that as parasite density increases, we see reduced genetic structure within each cliff. However, it should be noted that a large number of larval ticks were genotyped in cliff CG and thus, the greater structure found here might also be associated with stage-dependent patterns of structure (see below). Globally, the presence of genetic structure at the within-cliff scale suggests that observed patterns of tick aggregation are more likely the product of tick dynamics and dispersal rather than the spatial arrangement of susceptible hosts. Although we expected no structure if aggregation was solely due to spatial variation in host susceptibility, the ability of hosts to resist ectoparasite infestation may still be important at some local level; many factors likely act in concert to shape local parasite population structure.
In order to colonise a site initially, ticks must be dispersed by their bird hosts. Thereafter, the local buildup of ticks may be either through local population growth with internest dispersal, or through multiple, independent colonisation events to each nest site. As seabirds return each year to the same nest site to breed, the motivation for ticks to disperse, even between nests, may be low. Observations on the local dynamics of infestation have suggested that the spatial autocorrelation of tick infestation may be related to local dispersal from the initial colonisation site (Boulinier, 1995) . In particular, a single breeding cliff at Cape Sizun, France was monitored over a 12-year period from initial tick infestation. Once 20% of the nests were infested, a positive autocorrelation in the presence of ticks was found within a few metres of the infested nest. With increasing infestation, the area where the positive autocorrelation occurred increased to include a slightly larger distance class, suggesting a local spread of ticks between nearby nests. Here, we found that ticks were significantly structured among nests (distance class ¼ 0), but no other distance class showed significant, positive estimates of kinship coefficients. However, for all the three cliffs considered, the prevalence of infestation was much greater than 20% (83-92%). Thus, it may be that local dispersal processes are important during the initial phases of local population expansion, but that this structure breaks down once populations become large. Our results partially support this hypothesis. Sampled ticks were more strongly structured in cliff CG where the density of infestation was lower. However, we did not find a significant spatial autocorrelation in allele frequencies in this less infested cliff. Furthermore, estimates of gene diversity and the numbers of alleles did not support the idea that the infestation of this cliff was necessarily more recent than the other two. To test the relative roles of local dispersal and multiple colonisation events in the local dynamics of tick populations, ticks sampled from more lightly infested cliffs (o80% infestation) will be required.
The topographic structure of the cliff also seemed to shape the genetic structure of tick populations. When ticks were grouped according to the spatial distribution of nests, significant differentiation was found. This was particularly true for cliff LH where adult ticks showed no structure at the between-nest level (Table 2) , but significant differentiation between nest groups (Table 3) . Ticks spend long periods of time off the host and must find appropriate shelters in order for populations to persist locally. The availability of shelters in close proximity to host nests may be an essential factor shaping local population dynamics and may drive the spatial subdivision of ticks. The general importance of habitat in the evolution of ticks has been debated (Klompen et al, 1996) . Our results support the idea that habitat may play a predominant role in the coevolutionary outcomes of this system (eg, evolution of resistance/virulence or local adaptation). Epperson and Alvarez-Buylla (1997) found that tropical tree seedlings showed strong spatial autocorrelation at local scales, but that this structure disappeared in older age groups. They suggested that this was due to low seed dispersal that resulted in the clustering of progeny. With increased competition in older age classes and the natural thinning of the population, this structure disappeared. Although our ability to test this hypothesis for I. uriae was limited due to sampling constraints, we Ticks were divided into two groups (subpopulations) in each cliff site based on topographical characteristics. The number of ticks included in each group are indicated in parentheses below the tick stage. The P-values of estimators were calculated by permuting alleles/genotypes within/between groups with 5000 resamplings (Goudet, 1995) . Standard errors were calculated by jack-knifing across loci (Goudet, 1995) .
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expected the same type of phenomenon to occur. Females lay a single large batch of eggs that will cluster her progeny locally. As dispersal opportunities should increase each time the tick takes a blood meal on the host and earlier life stages are more susceptible to mortality factors (Sonenshine, 1993) , we expected the genetic structure to be reduced in each consecutive life stage. Indeed, we found elements suggesting that this does occur in populations of I. uriae. However, as there was no evidence of isolation by distance within cliffs, it may be that tick dispersal between nests depends almost entirely on host movements (which will not necessarily be local; McCoy et al, 2003) . Age-dependent spatial structure may also occur in populations of other hard tick species (eg, I. ricinus), but for non-nidicolous (open habitat) species we would expect the genetic structure set-up by clustered progeny to decrease more rapidly than in nidicolous (enclosed habitat) species owing to the more continuous distribution of host individuals.
Here, we have shown that ticks may be spatially subdivided within local subpopulations of their hosts and that this structure may be linked to both abiotic factors (ie, cliff topography) and life history traits of the parasite itself (eg, clustered progeny and low dispersal). This spatial genetic structure has several implications for local population functioning. It may modify the probability of population persistence, the timing and nature of infestation dynamics and the constraints acting on local parasite groups. Furthermore, such spatial structure may greatly affect the scale and outcome of coevolutionary processes. Few studies have looked at parasite population structure, and particularly at small spatial scales. Given the potential implications of spatial genetic structure, our results stress the importance of considering local parasite dynamics in order to better understand the ecology and evolution of host-parasite interactions.
